Introduction
The use of a chimney to improve the natural air convection cooling of electronic components has been the topic of only a few papers ͓1-3͔. Nevertheless it should be pointed out that even a small chimney can reduce the thermal resistance by 10%. Although this is not spectacular at first sight, any reduction in the junction temperature improves the reliability of an electronic system. For a transistor with normal operating junction temperature of 100°C above ambient, the insertion of a chimney will give rise to a reduction of 10°C, which has a non-negligible influence on the reliability and the lifetime ͓4,5͔. A chimney has also the advantage of being a passive device. The major disadvantage is that it needs relatively more space. However, it often happens that inside an existing rack or subrack enough space is still available to insert a small chimney. It is quite common that on a circuit printed board only one or two power components dissipate heat, the other components being low power ones. A chimney can then be mounted just above these high power components to obtain a better thermal management of the circuit.
In this paper laboratory experiments will be described. The thermal impedance Z th ͑j͒ has been measured as a function of the angular frequency for various heights of the chimney. If the impedance is shown graphically in a Nyquist plot, one can clearly see which part of the total thermal resistance R th = Z th ͑0͒ due to the package and the cooling fin and which part corresponds to the natural convection influenced by the chimney. Such information cannot be gained if only the thermal resistance is measured.
Experimental Results
A schematic view of the experimental setup is shown in Fig. 1 . Chimneys with height varying between H = 10 cm and H = 60 cm and a diameter D = 48 mm have been used. A transistor was used as the heat source and mounted on a cooling fin and put at the bottom of the chimney. The aluminum cooling fin having a height of 38 mm was shifted partially into the chimney ͑made 
from paper͒ so that a distance x was still outside the chimney. In our experiments x was used as an additional parameter varying between x = −20 mm and x = + 40 mm.
The thermal impedance has been measured using the T3Ster equipment ͑MICRED Company͒. From the initial time t =0, a constant power of 2 W was dissipated into the junction of the transistor ͑IRF 540 nMOS in TO 220 package͒. The junction temperature T͑t͒ of the transistor is recorded continuously until steady state is obtained ͓6-8͔. By Fourier techniques, the transient temperature T͑t͒ can be converted in a complex thermal impedance Z th ͑j͒ ͓9͔. Further details will be omitted here. Each measurement took about 1200 s so that steady state was reached at the end. Because the T3Ster measures the junction temperature, the steady state results will correspond to traditional heat transfer experiments. According to the data provided by the supplier the measurement accuracy is about 0.01°C. This has to be compared to the maximal junction temperature rise of approximately 20°C used in all experiments. This gives rise to the relative accuracy of 0.01/ 20= 0.05% for the steady state results. Figure 2 shows the thermal impedance for a chimney with a height H = 10 cm in a so called Nyquist plot. All the results clearly show three circular arcs, corresponding to the low frequency ͑LF͒, mid frequency ͑MF͒, and high frequency ͑HF͒ ranges. By changing the distance x ͑Fig. 1͒ only the LF arc changes. Hence it can be concluded that the arc corresponds to the natural convection cooling. Radiation from the cooling fin to the ambient is also represented by the LF curve. The MF part is related to the cooling fin on which the transistor is mounted. The HF part is generated by silicon and the package. The arc approaches the origin under an angle of 45 deg, which is typical for planar heat sources ͓10-12͔.
On the horizontal axis the thermal resistance R th ͑j͒ between junction and ambient can be found at the intersection with the horizontal axis or Z th ͑0͒. To analyze the natural convection cooling, it is more convenient to deal with ⌬R th , as indicated in Fig. 2 . Because only the LF arc is determined by natural convection ͑with or without a chimney͒, ⌬R th is defined as the distance between the two intersection points of the LF arc and the horizontal axis. It must be pointed out here that the measurement of the thermal impedance as a function of the angular frequency offers us the possibility to define ⌬R th unambiguously. From Fig. 2 it is clear that the best cooling is obtained for x = 20 mm and x = 0 mm, which correspond to the cases where the cooling fin is half or fully inserted inside the chimney. For comparison, the impedance plot measured without a chimney is also shown in Fig. 2 . The use of a chimney reduces ⌬R th more than 10% for the optimal case. Similar results are shown in Fig. 3 for a chimney with a height H = 30 cm. The results are quite analogous to the previous ones. Again x = 20 mm and x = 0 mm turn out to be the best cases. This time ⌬R th has been reduced more than 20% compared with the case without a chimney. Measurements have also been carried out for heights of 20 cm, 40 cm, 50 cm, and 60 cm. All results were found to be similar as those shown in Figs. 2 Fig. 3 .
Conclusion
The influence of a chimney on the thermal impedance of electronic components has been investigated. It was found that the low frequency part of the thermal impedance was changed by using a chimney; the higher frequency part remains unchanged. As expected, the thermal resistance could be reduced more than 10% for the optimal case.
The practical use depends of course on another very important parameter dealing with the availability of enough space to insert a chimney inside an electronic rack or subrack. #4 Au: Please check changes made in the sentence "the higher frequency…" to make sure your meaning was preserved. #5 Au: Please update Ref. 12.
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